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A b s t r a c t  

A chromium and neodymium co-doped gadol in ium scandium g a l l i u m  garnet  

(Cr:Nd:GSGG) c r y s t a l  was t e s t e d  f o r  pulsed and cont inuous wave (CW) l a s e r  

o p e r a t i o n s  w i t h  a f lash lamp and a s o l a r - s i m u l a t o r  as pumping sources. 

c r y s t a l  has been cons idered as a good candidate f o r  a solar-pumped l a s e r ,  

s i n c e  t h e  broad a b s o r p t i o n  bands of t h e  Cr3+-sens i t i zer  a r e  l o c a t e d  near  t h e  

peak o f  t h e  s o l a r  spectrum. 

was achieved a t  low s o l a r - s i m u l a t o r  pump power d e n s i t i e s  o f  up t o  1,500 s o l a r  

cons tan ts  (203 W/cm2). For h i g h e r  pump power d e n s i t i t e s  o f  up t o  2,500 s o l a r  

cons tan ts  (338 W/cm2), a quasi  CW l a s e r  o p e r a t i o n  was obta ined w i t h  

c o n t i n u o u s l y  chopped pumping w i t h  a du ty  c y c l e  o f  0.5 and r e p e t i t i o n  r a t e  o f  

13 Hz. 

c o n d i t i o n  o f  t h e  l a s e r  resonator  a t  var ious  pump power d e n s i t i e s  and showed 

t h a t  t h e  thermal  f o c u s i n g  of t h e  Cr:Nd:GSGG i s  more t h a n  10 t imes g r e a t e r  t h a n  

t h a t  o f  t h e  neodymiurn-doped y t t r i u m  aluminum garnet  (Nd:YAG) c r y s t a l  l a s e r .  

The 

CW l a s e r  opera t ion  l a s t i n g  l o n g e r  t h a n  10 minutes 

The exper imenta l  r e s u l t  was compared w i t h  t h e  c a l c u l a t e d  s t a b i l i t y  
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I .  I n t r o d u c t i o n  

Solar-pumped cont inuous wave (CW) h i g h  power s o l i d  s t a t e  l a s e r s  a r e  be ing  

s t u d i e d  by NASA as a p o t e n t i a l  f o r  laser-power t r a n s m i s s i o n  t o  var ious  power 

users i n  space. Since t h e  i n i t i a l  research on t h e  solar-pumped s o l i d  s t a t e  

l a s e r s  done by K iss  and h i s  coworkers' i n  t h e  e a r l y  1 9 6 0 ' ~ ~  t h e r e  have been a 

number o f  papers pub l i shed on t h e  subject .  The h i g h e s t  l a s e r  ou tpu t  r e p o r t e d  

was about 100 W CW from a neodymium-doped y t t r i u m  aluminum garnet (Nd:YAG) 

c r y s t a l  pumped w i t h  a s o l a r  furnace.* So f a r ,  t h e  Nd:YAG c r y s t a l  has been 

demonstrated t o  be t h e  bes t  s o l i d  s t a t e  l a s e r  m a t e r i a l  under s o l a r  pumping 

because o f  i t s  s u p e r i o r  c h a r a c t e r i s t i c s  on thermal c o n d u c t i v i t y ,  u n i f o r m i t y  o f  

i o n  c o n c e n t r a t i o n  i n  hos t  m a t e r i a l  , h i g h  quantum e f f i c i e n c y ,  and mechanical 

s t r e n g t h  compared w i t h  o t h e r  hos t  c r y s t a l s .  

However, one disadvantage o f  t h e  Nd:YAG c r y s t a l  i s  t h a t  t h e  use o f  t h e  

s o l a r  beam as a pumping source i s  very i n e f f i c i e n t .  

bands over  t h e  s o l a r  spectrum region.  

s o l a r  spectrum, an idea u t i l i z i n g  t h e  broad a b s o r p t i o n  spectrum o f  t h e  

chromium i o n s  i n  t h e  v i s i b l e  s p e c t r a l  r e g i o n  was i n i t i a t e d ,  and t h e  chromium 

(Cr3+) -sens i t i zed  Nd:YAG c r y s t a l  was f i r s t  i n v e s t i g a t e d  under s o l a r  pumping by 

Reno i n  1966.3 He observed t h a t  t h e  Cr-ions do n o t  improve t h e  l a s e r  a c t i o n  

of t h e  Nd:YAG because o f  t h e  slow energy t r a n s f e r  r a t e  f rom C r 3 +  t o  Nd3+ 

ions.  

gado l in ium scandium g a l l i u m  garnet ) ,  was in t roduced and was shown t o  p r o v i d e  

an e f f i c i e n t  energy t r a n s f e r  f rom chromium t o  neodymium  ion^.^,^ Las ing  

p r o p e r t i e s  o f  t h e  Cr:Nd:GSGG c r y s t a l  have been t e s t e d  by severa l  research 

 group^,^'^ and they  have shown t h a t  i t s  s lope e f f i c i e n c y  i s  t w i c e  t h a t  o f  

Nd:YAG i n  pu lsed operat ions.  

It has narrow a b s o r p t i o n  

I n  o rder  t o  make e f f i c i e n t  use o f  t h e  

I n  1982, a new c r y s t a l ,  Cr:Nd:GSGG (chromium and neodymium co-doped 

Because of t h i s  advantage, t h e  Cr:Nd:GSGG 
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c r y s t a l  has been considered as a l a s a n t  m a t e r i a l  f o r  t h e  solar-pumped l a s e r ,  

and i t s  CW l a s e r  o p e r a t i o n  has been t e s t e d  w i t h  a s o l a r - s i m u l a t o r  as a pumping 

source i n  t h i s  research. 

resonator ,  which was a f f e c t e d  by t h e  thermal l e n s i n g  e f f e c t ,  was c a l c u l a t e d  

and compared w i t h  t h e  exper imental  r e s u l t s .  

The s t a b i l i t y  c o n d i t i o n  o f  our  s p e c i f i c  l a s e r  

11. Flashlamp Experiment 

Before  s t u d y i n g  t h e  CW l a s e r  operat ion,  performances o f  t h e  Cr:Nd:GSGG 

c r y s t a l  i n  s h o r t -  and long-pulsed f lash lamp pumping were s t u d i e d  and compared 

w i t h  t h a t  o f  t h e  Nd:YAG. 

used. Each Cr:Nd:GSGG and Nd:YAG c r y s t a l ,  whose s i z e s  a r e  3.2 mm i n  d iameter  

and 76 mm i n  leng th ,  had a n t i - r e f l e c t i o n  coat ings  a t  b o t h  ends and was p laced 

a t  one focus  o f  an e l l i p t i c a l  c a v i t y  a long w i t h  a xenon f lash lamp p laced a t  

t h e  second focus. 

r e f l e c t i v e  m i r r o r  w i t h  a 5-n c u r v a t u r e  and a 95-percent r e f l e c t i v e  m i r r o r  w i t h  

a f l a t  sur face.  

o u t p u t  energy and t h e  o p t i c a l  energy of t h e  f lash lamp emission, and s i l i c o n  

photodiodes were used t o  mon i to r  t h e  l a s e r  and t h e  pump pulses. 

F i g u r e  1 shows a schematic diagram o f  t h e  system 

The l a s e r  c a v i t y  was 0.3-m l o n g  and c o n s i s t e d  o f  a h i g h l y  

A p y r o e l e c t r i c  energy meter was used t o  measure t h e  l a s e r  

I n  o r d e r  t o  vary t h e  p u l s e  l e n g t h  of t h e  f lashlamp, t h e  capaci tance and 

induc tance o f  t h e  e l e c t r i c a l  c i r c u i t  were changed t o  var ious  values. Three 

d i f f e r e n t  p u l s e  w i d t h s  were used i n  t h i s  experiment; t y p i c a l  pump and l a s e r  

pu lses  a r e  shown i n  F i g u r e  2. 

f u n c t i o n  of t o t a l  o p t i c a l  energy from t h e  f lash lamp a r e  shown i n  

F i g u r e s  3(a) - (c ) ,  and t h e  corresponding s lope e f f i c i e n c i e s  and t h r e s h o l d s  a r e  

l i s t e d  i n  Table 1. The t h r e s h o l d  i s  determined as t h e  e x t r a p o l a t e d  i n t e r c e p t  

f o r  t h e  l i n e a r  p o r t i o n  o f  t h e  data shown i n  t h e  f i g u r e s .  

Graphs showing l a s e r  ou tpu t  energy as a 

The s lope e f f i c i e n c y  
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f o r  Cr:Nd:GSGG was g r e a t e r  t han  t h a t  of t h e  Nd:YAG i n  t h e  t h r e e  d i f f e r e n t  

p u l s e  w id ths  and increased as t h e  p u l s e  w id th  increased. 

c r y s t a l  used i n  t h i s  f lash lamp exper i t ient  had a dopant concen t ra t i on  o f  2 ~ 1 0 ~ "  

ions/cm3 f o r  each o f  t h e  C r 3 +  and Nd3+ ions,  and t h e  Nd:YAG c r y s t a l  had a 

1 . 5 2 ~ 1 0 ~ ~  Nd3+ i ons/cm3 dopi  ng dens i t y .  

The Cr:Nd:GSGG 

111. CW Laser Experiment 

I n  CW opera t i on  a s o l a r - s i m u l a t o r  c o n s i s t i n g  o f  a Xe-arc lamp and an 

e l l i p t i c a l  r e f l e c t o r  was used as shown i n  F igu re  4. 

s i m u l a t o r  beam resembles t h e  a i r  mass-zero s o l a r  spectrum except f o r  a couple 

of xenon emiss ion  l i n e s  a t  about 760 and 830 nm. The s i m u l a t o r  beam was 

converged by a c o n i c a l  aluminum c o l l e c t o r  along t h e  a x i s  o f  t h e  l a s e r  rod. 

Both  t h e  Cr:Nd:GSGG and Nd:YAG c r y s t a l s  had t h e  same dopant concen t ra t i ons  and 

t h e  same dimensions as those used f o r  t h e  f lashlamp pump experiment, except 

t h e  c r y s t a l s  used here  had h i g h l y  r e f l e c t i v e  m i r r o r s  w i t h  a cu rva tu re  o f  5-m 

r a d i u s  coated a t  one o f  t h e i r  ends. 

o u t s i d e  diameter o f  160 mm and i n n e r  diameter o f  140 mm, was used f o r  c o o l i n g  

t h e  l a s e r  rod. The resonator  l e n g t h  was 165 mm, and t h e  ou tpu t  m i r r o r  had 98 

percen t  r e f l e c t i v i t y  a t  1.06 wn, 0.30 rn r a d i u s  of curva ture ,  and 1" diameter. 

For t h e  Nd:YAG c r y s t a l ,  cont inuous l a s e r  o p e r a t i o n  was observed w i t h  t h e  

The spectrum o f  t h e  s o l a r  

The water - jacke t  g lass  tube, having an 

pump power d e n s i t y  f rom 200 s o l a r  cons tan ts  (27 W/cm2) t o  3000 s o l a r  cons tan ts  

(406 W/cmZ). 

s t a b l e ,  and CW l a s i n g  was p o s s i b l e  o n l y  when t h e  pump power d e n s i t y  was n o t  

g r e a t e r  t han  1,500 s o l a r  cons tan ts  (203 W/cm2). F i g u r e  5 shows t h e  t y p i c a l  

l a s e r  s i g n a l  o f  t h e  Cr:Nd:GSGG t h a t  te rmina tes  i n  l e s s  t h a n  1 a t  pump power 

d e n s i t y  o f  2,500 s o l a r  constants.  

However, f o r  t h e  Cr:Nd:GSGG c r y s t a l ,  t h e  l a s e r  c a v i t y  remained 
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When t h e  chopper was used t o  p u l s e  t h e  pump beam f o r  t h e  Cr:Nd:GSGG l a s e r  

a t  h i g h  pump power d e n s i t i e s ,  con t inuous ly  pu lsed l a s i n g  was achieved a t  

var ious  chopper speeds from 0.6 Hz t o  13 Hz. 

t o - c l o s e d  s e c t i o n s  was one, t h e  d u t y  c y c l e  was 0.5, and t h e  pumping d u r a t i o n  

was 0.35 s a t  0.7 Hz. The l a s i n g  l a s t e d  as l o n g  as t h e  chopped pump per iod .  

F igures  6(a)  and 6 ( b )  show t h e  l a s e r  ou tpu ts  f o r  t h e  chopped pumping. 

s t a b l e  quasi-CW l a s e r  o p e r a t i o n  as shown was p o s s i b l e  a t  pump power d e n s i t i e s  

below 2,500 s o l a r  cons tan ts  (338 W/cm2), a t  which t h e  peak l a s e r  o u t p u t  power 

was about 340 mW and t h e  corresponding average power was 170 mW. However, f o r  

a pump power d e n s i t y  of 3,000 s o l a r  constants  (405 W/cm2), even t h e  quasi  CW 

l a s i n g  became u n s t a b l e  and disappeared 1.5 s a f t e r  i n i t i a l  las ing .  

The r a t i o  of t h e  chopper 's open- 

The 

IV. Thermal Focus and C a v i t y  S t a b i l i t y  

The absorbed pump power Pa by a c r y s t a l  r o d  i s  w r i t t e n  as 

L m x  J 'a= Jz=o o x 2 Io(A,$,z) [l - exp 1- s(X)sl]dX (1 - 5 )  rod$ dz 
1 

where Io(X,+,z) i s  t h e  s p e c t r a l  i r r a d i a n c e  of t h e  pump l i g h t  a t  t h e  r o d  

s u r f a c e  (W/cm2), € ( A )  i s  t h e  a b s o r p t i o n  c o e f f i c i e n t  o f  t h e  c r y s t a l  a t  t h e  

g i v e n  wavelength X(cm-') , s i s  t h e  pa th  l e n g t h  o f  t h e  pump beam i n  t h e  

c r y s t a l  (cm) and a cons tan t  f o r  t h e  i n t e g r a t i o n ,  5 i s  t h e  r e f l e c t i v e  loss 

c o e f f i c i e n t  f o r  t h e  pump beam a t  t h e  r o d  surface, ro i s  t h e  r o d  r a d i u s  (cm) 

and L i s  t h e  l e n g t h  of rod  (cm). The a b s o r p t i o n  spectrum o f  t h e  Cr:Nd:GSGG 

c r y s t a l  i s  compared w i t h  t h e  s o l a r  spectrum i n  F i g u r e  7, and t h e  s o l a r -  

s i m u l a t o r ' s  beam p r o f i l e  a long t h e  c r y s t a l  a x i s  i s  shown i n  F i g u r e  8. The 
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pump beam power absorbed by t h e  c r y s t a l  causes a r a d i a l  temperature g r a d i e n t  

which can be ob ta ined by s o l v i n g  t h e  one-dimensional heat  conduct ion 

equat i on% 

2 2  
( r o  - r 1 T ( r )  = T ( r o )  t 'a 

4m r i  K L 

where K i s  t h e  thermal c o n d u c t i v i t y  of t h e  c r y s t a l .  

d i f f e r e n c e  between t h e  r o d  sur face and r o d  c e n t e r  i s  w r i t t e n  as 

Thus, t h e  temperature 

This  r a d i a l  temperature g r a d i e n t  generates mechanical s t resses  i n  t h e  l a s e r  

r o d  and i n t r o d u c e s  v a r i a t i o n  i n  t h e  r e f r a c t i v e  index. The combined e f f e c t  o f  

a temperature-  and a stress-dependent v a r i a t i o n  o f  t h e  r e f r a c t i v e  i n d e x  i s  

expressed as 9,10 

n ( r )  = no+ An( r )  

where no i s  t h e  index  of r e f r a c t i o n  of t h e  c r y s t a l ,  a i s  t h e  l i n e a r  thermal  

expansion c o e f f i c i e n t ,  and Cr and C a r e  t h e  e l a s t o - o p t i c  constants  f o r  l i g h t  4 
w i t h  r a d i a l  and t a n g e n t i a l  p o l a r i z a t i o n .  This  r a d i a l  v a r i a t i o n  o f  t h e  

r e f r a c t i v e  i n d e x  makes t h e  c r y s t a l  behave l i k e  a l e n s - l i k e  medium. 
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From t h e  t h e o r e t i c a l  d e r i v a t i o n  shown i n  t h e  Appendix, we o b t a i n  an 

equat ion  f o r  t h e  f o c a l  l e n g t h  due t o  thermal l e n s i n g  e f f e c t s  caused by t h e  

r a d i a l  v a r i a t i o n  o f  t h e  r e f r a c t i v e  index  as 

2n 0 s i n  - 2L ]-1 
b f = [T 

and t h e  c a v i t y  parameters f o r  our l a s e r  resonator  as 

(6 1 2L 2n od 2L - ~T s i n  - ( b  s i n  % + n d cos T)] 0 
2L 

G1= [cos - b b - R I T  
al 

2L 1 b 2L 2L (7 s i n  - + nod cos T)] G2= al [nocos - - - a 2  
b R2 

( 7 )  

where d i s  t h e  d i s t a n c e  from t h e  f l a t  end of t h e  r o d  t o  t h e  ou tpu t  m i r r o r  and 

b i s  t h e  measure o f  t h e  degree of v a r i a t i o n  o f  n and can be expressed as 

'a 1 n+ dn n o a  2 C ),W 
r s 4 J  

b = C  2 
47~ roK  L 

The m i r r o r  d iameters a r e  2al and 2a2, r e s p e c t i v e l y ,  and t h e  corresponding 

r a d i i  o f  c u r v a t u r e s  a r e  R1 and R2 which a r e  i l l u s t r a t e d  i n  F i g u r e  9. 

t h e  r e s o n a t o r  s t a b i l i t y  c o n d i t i o n  i s  s p e c i f i e d  i n  t h e  f o l l o w i n g  form: 

Then, 

-1 < G1* G2 < 1 (9) 

Tab le  2 l i s t s  t h e  parameters used i n  t h e  c a l c u l a t i o n ,  and some o f  them 

were ob ta ined f rom Refs. 11 and 12. Table 3 shows t h e  c a l c u l a t e d  values o f  

absorbed pump power i n  t h e  c r y s t a l s ,  t h e  temperature d i f f e r e n c e  between t h e  
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c e n t e r  and s u r f a c e  of bo th  Cr:Nd:GSGG and Nd:YAG l a s e r  rods, thermal focus ing ,  

and resonator  s t a b i l i t y  c o n d i t i o n  a t  var ious  CW pump powers dens i t ies .  The 

l a r g e  temperature d i f f e r e n c e  between t h e  sur face  and c e n t e r  o f  t h e  Cr:Nd:GSGG 

r o d  causes severe thermal focus ing  compared w i t h  t h e  Nd:YAG's case even a t  low 

pump powers. The r a t i o  of t h e  thermal focus ing  powers o f  t h e  two rods, 

[ l / f(GSGG)]/[ l / f(YAG)] , decreases from 15 t o  8 as t h e  pump power d e n s i t y  

inc reases  f r o m  1,000 s o l a r  constants  t o  3,000 s o l a r  constants.  

a r e  g r e a t e r  t h a n  those discussed i n  Refs. 7 and 8. 

r e s o n a t o r  o f  t h e  Nd:YAG c r y s t a l  s t a y s  s t a b l e  f o r  pump power d e n s i t i e s  g r e a t e r  

t h a n  3,000 s o l a r  constants,  t h a t  of t h e  Cr:Nd:GSGG c r y s t a l  i s  s t a b l e  o n l y  up 

t o  1,500 s o l a r  constants.  The exper imental  r e s u l t s  agree w i th  these 

c a l c u l a t i o n s .  

t h e  r a d i a l  temperature g r a d i e n t  was neglected i n  our c a l c u l a t i o n  because b o t h  

ends of t h e  rod were p laced i n  reg ions shaded f rom t h e  pump beam, as shown i n  

F i g u r e  4. 

exper iment was a l s o  observed by Barnes, e t  a l .  i n  Ref. 13. 

These numbers 

Whereas t h e  l a s e r  

The d i s t o r t i o n  of t h e  end-face c u r v a t u r e  o f  t h e  r o d  caused by 

The d i f f i c u l t y  o f  t h e  CW l a s e r  o p e r a t i o n  o f  t h e  Cr:Nd:GSGG 

V. Conclusion 

Our r e s u l t s  show t h a t  t h e  s lope e f f i c i e n c y  o f  t h e  Cr:Nd:GSGG c r y s t a l  i s  

h i g h e r  t h a n  t h a t  o f  t h e  Nd:YAG c r y s t a l  i n  v a r i o u s  p u l s e  w id ths  (0.11 ms, 

0.28 ms and 0.90 ms) f o r  a f lash lamp pumped exper iment,  and increases as t h e  

p u l s e  w i d t h  increases.  

source, t h e  CW l a s e r  opera t ion  of t h e  Cr:Nd:GSGG c r y s t a l  was l i m i t e d ,  whereas 

t h e  Nd:YAG s u c c e s s f u l l y  performed f o r  a l l  pump power d e n s i t i e s  a v a i l a b l e .  

True CW l a s e r  opera t ions  o f  t h e  Cr:Nd:GSGG were observed f o r  pump power 

d e n s i t i e s  l e s s  t h a n  o r  equal t o  1500 s o l a r  cons tan ts  (230 W/cm2). 

When t h e  s o l a r  s i m u l a t o r  was used as t h e  pumping 

For  pump 
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power d e n s i t i e s  above 1,500 s o l a r  constants t o  2,500 s o l a r  cons tan ts  

(338 W/cm*), a quasi-CW l a s e r  ope ra t i on  was demonstrated. 

show t h a t  t h e  s o l a r  beam absorp t i on  by t h e  Cr:Nd:GSGG i s  about s i x  t imes 

l a r g e r  t h a n  t h a t  by t h e  Nd:YAG f o r  t h e  same incoming beam, and thermal 

f ocus ing  power o f  t h e  Cr:Nd:GSGG i s  15- t o  8-t imes g r e a t e r  than t h a t  o f  t h e  

Nd:YAG f o r  t h e  pump power d e n s i t i e s  from 1,000 t o  3,000 s o l a r  contants. 

Cr:Nd:GSGG c r y s t a l  was damaged by thermal c rack ing  when t h e  quasi-CW l a s e r  

ope ra t i on  was performed a t  t h e  pump power d e n s i t y  o f  3,000 s o l a r  constants 

(405 W/cm2) f o r  severa l  minutes. We found t h a t  b e t t e r  solar-pumped l a s e r  

performance o f  t h e  Cr:Nd:GSGG over Nd:YAG expected i n  p a s t  s tud ies  may be 

d i f f i c u l t  t o  r e a l i z e  w i t h  t h e  rod  geometry. 

Cr:Nd:GSGG c r y s t a l ,  i f  ava i l ab le ,  can poss ib l y  so lve  t h e  thermal problems w i t h  

a p roper  water coo l ing .  

Our c a l c u l a t i o n s  

The 

However, a f i b e r  bundle o f  t h e  
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Accord ing t o  Refs. 14 and 15, t h e  ray m a t r i x  r e l a t i n g  t h e  o u t p u t  ray 

(x2, x t 2 )  t o  t h e  i n p u t  ray (xo, x t o )  i n  a l e n s - l i k e  medium whose r e f r a c t i v e  

i n d e x  n v a r i e s  near t h e  o p t i c a l  a x i s  as i n  n = no (1 - 2 r /b ) i s  w r i t t e n ,  

u s i n g  t h e  n o t a t i o n s  shown i n  F i g u r e  9, as 

2 2  

1 0  

O no 

1 0  

O no 

cos (2L/b) (b/2) s i n  (2L/b) 

-(2no/b) s i n  (2L/b) nOcos (2L/b) 

0 
X 

x;, 

where no i s  a constant ,  b i s  t h e  measure o f  t h e  degree o f  t h e  v a r i a t i o n  o f  n, 

and L i s  t h e  d i s t a n c e  between t h e  i n p u t  and ou tpu t  ray p o i n t s  i n  t h e  l e n s - l i k e  

medium. For  t h e  resonator  shown i n  F igure  9, t h e  ou tpu t  ray (x3, x u 3 )  a t  t h e  

o u t p u t  m i r r o r  i s  r e l a t e d  t o  t h e  i n p u t  r a y  (xo, x u o )  by t h e  combinat ion o f  t h e  

above r a y  m a t r i x  and a ray m a t r i x  i n  a f r e e  space: 
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= A  

1 d  

D 1  

B 

C D 

cos (2L/b) (b/2) s i n  (2L/b) 

no cos (2L/b) -(2no/b) s i n  (2L/b) 

COS (2L/b)- (2nod/b)sin( 2L/b) 

- (2no/b)s in (2L /b)  no cos(ZL/b) 

(b /2 )s i  n ( 2L/b)+nod cos ( W b )  

where A = cos(2L/b) - (2nod/b) s i n  (2L/b) 

B = (b/2) s i n  (2L/b) + nod cos (2L/b) 

C = - (2no/b) s i n  (2L/b) 

D = no cos (2L/b) 

Thus, t h e  focal l eng th  o f  t h e  l e n s - l i k e  medium i s  w r i t t e n  as 

f = - 1 / C  = [(2no/b) s i n  (2L/b)]- 1 

0 
X 

x;I 

and c a v i t y  parameters G of t h e  o p t i c a l  resonator  shown i n  F igu re  9 are w r i t t e n  

a s  
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G1= (a,/a,) ( A  - B/R1) 

= (a1/a2) [cos(2L/b)- (2nod/b)sin(2L/b)  - { (b /E)s in (2L /b)  

+ nod cos (2L/b)1/R1] 

It was found d u r i n g  t h e  course o f  t h i s  research t h a t  a s i m i l a r  a n a l y s i s  was 

done f o r  t h e  Nd:YAG c r y s t a l  i n  Ref. 16, and t h e  r e f r a c t i v e  index  o f  t h e  

c r y s t a l  was i n c o r r e c t l y  p laced i n  p a r t s  of t h e i  r equat ions.  
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F i  gure Capt ions 

Fig.  1 Schematic diagram o f  t h e  exper imenta l  se tup  f o r  f lash lamp pumped 
PD-si 1 i c o n  photodiode; M1 and M2-1 aser  c a v i t y  1 aser  experiment. 

m i r r o r s .  

F ig .  2 T y p i c a l  l a s e r  (upper t r a c e )  and pump beam ( lower  t r a c e )  s i g n a l s  
o b t a i n e d  i n  t h e  long-pulsed f lash lamp pumped l a s e r  measurement. 

F ig .  3(a) Comparision o f  Cr:Nd:GSGG and Nd:YAG l a s e r s  pumped by a s h o r t -  
pu lsed f lashlamp. 

Fig.  3(b) Comparis ion o f  Cr:Nd:GSGG and Nd:YAG l a s e r s  pumped by a r e l a t i v e l y  
1 ong-pul sed f l  ashl  amp. 

Fig. 3 ( c )  Cornparision o f  Cr:Nd:GSGG and Nd:YAG l a s e r s  pumped by l o n g e s t -  
p u l  sed f 1 ashl  amp. 

Fig.  4 Exper imental  setup used f o r  CW and chopped opera t ions  o f  Cr:Nd:GSGG 
l a s e r s  w i t h  a s o l a r - s i m u l a t o r  as a pumping source. 
photodiode. 

t h e  Cr:Nd:GSGG l a s e r  pumped by t h e  s o l a r - s i m u l a t o r ' s  h i g h  pump 
power d e n s i t i e s  ( g r e a t e r  t h a n  1,500 s o l a r  constants) .  

Quasi-CW l a s e r  s i g n a l s  (upper t r a c e )  and chopped pump beam s i g n a l s  
( l o w e r  t r a c e )  o f  t h e  Cr:Nd:GSGG l a s e r  a t  h i g h  pump power d e n s i t i e s .  

P D - s i l i c o n  

Fig. 5 T y p i c a l  l a s e r  (upper t r a c e )  and pump beam ( lower  t r a c e )  s i g n a l s  o f  

F ig .  6(a)  

F ig .  6 (b)  The l o n g  t i m e  opera t ion  o f  t h e  quasi-CW l a s e r  o f  t h e  Cr:Nd:GSGG 
c r y s t a l  a t  h i g h  pump power d e n s i t i e s .  

F ig .  7 Absorp t ion  spectrum of t h e  Cr:Nd:GSGG c r y s t a l  ( s o l i d  l i n e )  and t h e  
air-ma s-zero so a r  spectrum ( d o t t e d  l i n e ) .  he conce t r a t i o n s  o f  t h e  CrSt- and Nd3+-ions a r e  t h e  same, 2 x lo2' ions/cm 9 . 

Fig .  8 S o l a r - s i m u l a t o r  beam d i s t r i b u t i o n  a long c o l l e c t o r  cone a x i s  where 
l a s e r  r o d  i s  placed. Dot ted  l i n e  i n d i c a t e s  p o s i t i o n  o f  t h e  rod. 

F ig .  9 Diagram showing t h e  r a y  p o s i t i o n  (x )  and d i r e c t i o n  (XI) w i t h  
r e s p e c t  t o  t h e  c e n t r a l  a x i s  a t  var ious  p o s i t i o n s  i n  t h e  l a s e r  
c a v i t y  used i n  t h e  CW l a s e r  operat ion.  2al and 2a2 a r e  t h e  
d iameters of t h e  m i r r o r s ,  and R1 and R2 a r e  t h e  r a d i i  o f  t h e  
m i  r r o r  curvatures.  
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T a b l e  1. Resul ts  o f  t h e  f lashlamp experiment w i t h  Cr:Nd:GSGG and Nd:YAG 
c r y s t a l s  for  var ious pump pu lse  widths.  

Inductance Pulse Width Threshold S1 ope E f f i c i e n c y  Capaci tance 

YAG 
(%I  

GSGG 
( V F )  (mH 1 (ms 1 (3)  

GSGG YAG 

25 
75 
75 

0 0.09 - 0.13 0.99 0.73 1.25 0.75 

1.59 1.24 
3.8 0.89 - 0.91 1.97 1.68 1.70 1.32 
0 0.13 - 0.43 1.64 1.61 
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Table 2. Thermal and Physical  Parameters o f  Cr:Nd:GSGG and Nd:YAG 

Cr:Nd:GSGG Nd:YAG Reference 

1.95 

7.5 

10.1 
0.06 

0.024 

0.0015 

0.16 
7.62 

0.16 

1.27 
500 
30 

9.0 
0.02 

0.343 

300 

900 

1.82 

7.5 

7.3 
0.14 

0.0196 

-0.0025 
0.16 

7.62 
0.16 

1.27 
500 
30 

9.0 
0.02 

0.347 

300 

900 

11 
11 

11 
11 

12 

12 

Note: 1. The r o d  l e n g t h  L was replaced i n  t h e  absorbed pump power 
c a l c u l a t i o n s  w i t h  t h e  l eng th  of rod exposed t o  t h e  pump l i g h t  which 
i s  about 6.9 cm. 

2. The value f o r  r e f l e c t i v e  loss  c o e f f i c i e n t ,  5 , a t  t h e  r o d  su r face  
was approximated. 

3. The pa th  l e n g t h  o t h e  pump beam i n  t h e  c r y s t a l  i s  c a l c u l a t e d  
as s=2ro/cos[sin- '  ( s i n  45"/no)] f o r  a 45" i n c i d e n t  l i g h t .  
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Table 3. Absorbed pump power i n  t h e  c r y s t a l s ,  temperature d i f f e r e n c e  between 
c e n t e r  and su r face  o f  l a s e r  rod, thermal focus, and s t a b i l i t y  c o n d i t i o n  

T(0) F STAB I L I TY 
C O N D I T I O N  (ch) G7 - G7 - 

SOLAR ABSORBED - T(R) 'r 
CON ST ANT POWER OC (cm) 

~~ ~~ 

Cr : Nd :GSGG 
1000 330.21 57.47 3.10 

3.62 
1500 495.32 86.21 2.44 

2.75 
2000 660.42 114.95 2.20 

2.37 
2500 825.53 143.69 2.15 

2.20 
3000 990.64 172.42 2.24 

2.15 

0.45 
0.70 
0.74 
0.03 
2.21 
1.05 
3.52 
2.24 
4.44 
3.31 

STABLE 

STABLE 

STABLE 
STABLE 

UNSTABLE 

UNSTABLE 

UNSTABLE 
UNSTABLE 

UNSTABLE 
UNSTABLE 

Nd: YAG 

1000 55.21 4.12 45.66 
58.36 

1500 82.82 6.18 30.68 
39.15 

2000 110.42 8.24 23.19 
29.54 

2500 138.03 10.30 18.70 

23.78 
3000 165.64 12.36 15.71 

19.94 

. 69 

. 75 

.56 

. 64 

. 43 

. 54 
-32 

045 
. 21 
.36 

STABLE 

STABLE 

STABLE 
STABLE 

STABLE 

STABLE 
STABLE 

STABLE 

STABLE 

STABLE 
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